In mammals, the ubiquitin-proteasome proteolytic pathway is a major route of protein degradation and has been shown to be regulated by the feeding status via the protein kinase B (PKB)-Forkehead box-O transcription factor signaling pathwaymediated transcription regulation of atrophy-related ubiquitin ligases, atrogin1 and muscle RING finger 1. In contrast, in rainbow trout (Oncorhynchus mykiss), the activity of the proteasome in muscle was not affected during starvation-induced muscle degradation. The aim of this study was therefore to explore the molecular basis for this lack of induction of this proteolytic route during starvation. In this study, rainbow trout were food deprived for 7 and 14 d, refed ad libitum, and the effect of the nutritional status was assessed on the different steps involved in the regulation of the ubiquitin-proteasome system in muscle. We observed that starvation reduced the phosphorylation of PKB and enhanced the expression of atrogin1 in muscle, whereas refeeding led to the opposite effects. The level of polyubiquitinated proteins in muscle increased to over 2 times the initial value on d 0 after 14 d of starvation and decreased significantly at 12 h after refeeding, but there were no major changes in the activity of the main proteasomal peptidases (chymotrypsin-like and trypsin-like).
Introduction
Protein degradation is a highly controlled, selective, and regulated process that depends on activities of proteolytic enzymes (1) . Three major proteolytic systems are involved in vertebrate muscle proteolysis: 1) the membrane-bound lysosomal enzymes; 2) calpain proteinases; and 3) the ubiquitin-proteasome pathway enzymes. The possible contributions of these proteolytic systems have been debated, with strong evidence that the bulk of protein degradation during muscle atrophy in mammals occurs via the ATP-dependent ubiquitin-proteasome pathway (2) (3) (4) (5) (6) ). In contrast, in rainbow trout (Oncorhynchus mykiss), the activity of the proteasome in muscle was not changed during starvationinduced muscle degradation (7) . Furthermore, microarray gene expression analysis in atrophying rainbow trout shows that mRNA levels for the subunits of the proteasome were not affected or downregulated (8) , supporting the idea that the degradation of muscle proteins occurs in this species by a route distinct from the one observed in mammals (9) .
The ubiquitin-proteasome route of protein degradation involves 2 discrete steps. First, multiple ubiquitin molecules covalently attach to the protein substrate (10, 11) and then these tagged proteins are degraded by the proteasome (12) , resulting in peptides of 7-9 amino acid residues (13) . Polyubiquitination is a complex and multiple-step process that requires ATP, the ubiquitinactivating enzyme (E1), and one of the ubiquitin-conjugating enzymes (E2), which functions either alone or in the presence of a ubiquitin-protein ligase (E3) responsible for substrate recognition (14, 15) . Following polyubiquitination, the targeted proteins are then recognized and degraded by the 26S proteasome.
Regulation of the ubiquitin-proteasome system has been intensively investigated in recent years (16) . Recent results suggest that 2 E3 ubiquitin ligases, muscle atrophy F-box (also called atrogin-1) 3 and muscle RING finger 1 (MuRF1) are key elements of the regulation of ubiquitin-proteasome-mediated muscle protein degradation (6, (17) (18) (19) . In both in vitro and in vivo mammal and chicken models, the expression of the corresponding genes was also shown to be strongly regulated by growth factors (insulin or insulin-like growth factor-I) and nutrients (amino acids) via mechanisms involving the protein kinase B (PKB or Akt)-Forkehead box-O transcription factors and the PKB-target of rapamycin signaling axis (20) (21) (22) (23) .
Recent in vitro studies have shown the existence and the hormonal (insulin and/or insulin-like growth factor-I) regulation of PKB activation in rainbow trout and zebrafish (24, 25) , suggesting the existence of the above-mentioned mechanism in these species. The aim of this study was therefore to clarify the molecular basis of rainbow trout muscle atrophy by exploring the effect of food starvation and refeeding on several major steps involved in the regulation of the ubiquitin-proteasome system.
Materials and Methods
Fish and experimental procedures. Juvenile immature rainbow trout (weights ranging from 35 to 40 g) were grown in our own experimental facilities (INRA, Donzacq, France) at 18°C under artificial photoperiods (12 h/12 h) and fed ad libitum with a commercial trout feed (Skretting: crude protein, 49.8% dry matter; crude fat, 13.8% dry matter; gross energy, 22 kJ/g dry matter) before the experiment. They were food deprived for 7 and 14 d. The trout that were food deprived for 14 d were then refed with an experimental diet ( Table 1 ) by hand until visual satiation and sampled (n ¼ 6) at 2, 6, 12, and 24 h after feeding. As control, a group of fish (n ¼ 6) was sampled prior to refeeding. The food deprivation reduced the weight of the eviscerated fish (43.9 6 1.1 g at d 14 vs. 50.6 6 2.6 g at d 0; Student's t test; P , 0.05). After blood sampling, trout were killed and muscles were removed, quickly frozen, powdered in liquid nitrogen, and stored at 280°C.
Determination of atrogin1 gene expression by real-time PCR. Total RNA was extracted from the samples using TRIzol reagent (Invitrogen). Following first-strand synthesis, expression levels of atrogin1 mRNA were analyzed by real-time PCR performed by means of the iCycler iQ (Bio-Rad), using the iQ SYBR green supermix. Primer sequences (5#-3# forward primer: TTCAACAACCTAATCGCTCTCT; 5#-3# reverse primer: TTCTCCT-GGTAAACAAACTGTGA) were chosen based on the rainbow trout atrogin1 gene sequence available in the expressed sequence transcript databases from National Institute of Agronomic Research (26) . Primers were chosen overlapping an intron when possible using Primer3 software (27) . Relative quantification of the target gene transcript (atrogin1) with a chosen reference gene transcript (18S ribosomal RNA) was made following the Pfaffl method with the Relative Expression Software tool (28, 29) . We ensured that 18S ribosomal RNA did not vary during starvation and refeeding before using it as a reference transcript.
Assay of proteasome activity in vitro. Proteins from rainbow trout white muscles were homogenized in ice-cold buffer (pH 7.5) containing 50 mmol/L Tris, 250 mmol/L sucrose, 10 mmol/L ATP, 5 mmol/L MgCl 2 , 1 mmol/L dithiothreitol, and protease inhibitors (10 mg/L of antipain, aprotinin, leupeptin, and pepstatin A, and 20 mmol/L phenylmethylsulfonyl fluoride). The proteasomes were isolated by 3 sequential centrifugations as described previously (30, 31) . The final pellet was resuspended in buffer containing 50 mmol/L Tris (pH 7.5), 5 mmol/L MgCl 2 , and 20% glycerol. The protein content of the proteasome preparation was determined according to Bradford protein assay (32) using bovine serum albumin for the standard curve. Peptidase activities of the proteasome were determined at 37°C as described previously (33) by measuring the hydrolysis of the fluorogenic substrates succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin and Boc-Leu-Arg-Arg-7-amido-4-methylcoumarin (Sigma Chemical); these 2 substrates are preferentially hydrolyzed by the chymotrypsin-like and the trypsin-like activities of the proteasome, respectively (30, 34) . The release of the fluorogenic reagent methylcoumarylamide was determined at excitation and emission wavelengths of 360 nm and 430 nm, respectively.
Western blot analysis. Protein homogenates from muscles were prepared as previously described (35) . Protein concentrations were measured using the Bradford reagent method (32) . Muscle lysates (40 mg of protein) were subjected to SDS-PAGE gel electrophoresis and Western blotting using an antibody specific for the phosphorylated form of PKB at Ser-473 (Cell Signaling Technology/Ozyme). Bands were revealed by enhanced chemiluminescence after the action of horseradish peroxidaselinked anti-rabbit g-globulin. Blots were then stripped and reprobed with an antibody recognizing total PKB (Cell Signaling Technology/Ozyme). The immunoblots were quantified by densitometry and the ratio phospho PKB:total PKB was determined.
The level of polyubiquitinated proteins in muscle was also monitored by Western blotting, using a specific antibody recognizing polyubiquitinated proteins (clone FK1 from Upstate/Chemicon Direct). Prior the immunoblotting, blots were stained with Ponceau Red and each line was quantified by densitometry to monitor the total amount of proteins.
Statistical analysis. Results are expressed as means 6 SEM. Significant differences between the weight of initial (d 0) and food-deprived fish were assessed using an unpaired 2-tailed Student's t test (Statview Software program, version 5; SAS Institute). For multiple comparisons, data were analyzed by 1-way ANOVA (Statview Software program, version 5; SAS Institute) to detect significant intergroup differences. The NewmanKeuls multiple-range test was used to compare means in case of a significant effect (P , 0.05). For PKB phosphorylation, the data were log transformed prior to statistical analysis.
Results
PKB strongly responds to the feeding status in trout muscle. According to numerous previous studies, PKB is activated by phosphorylation within the carbo-terminus at Ser-473 (36) . Here, we showed that the phosphorylation of PKB at Ser-473 was 13% of the initial value (d 0) after 7 d of food deprivation and 25% at 14 d (P , 0.05). This decrease was followed by a sharp increase 2 h after refeeding and PKB phosphorylation remained significantly higher than the phosphorylation level of unfed trout until 24 h after refeeding (Fig. 1) .
Atrogin1 expression similarly varies with the feeding status in trout muscle. The expression of atrogin1 displayed an opposite response by increasing .2-fold the initial value (d 0) after 14 d of food deprivation (P , 0.05) ( Fig. 2A) and then significantly decreasing after 6 h of refeeding and remained lower than the level of unfed trout until 24 h after refeeding (Fig. 2B) . Polyubiquitination rates are consistent with the atrogin1 expression data. We then studied the effect of starvation and refeeding on muscle polyubiquitination rates by using a specific antibody recognizing polyubiquitinated proteins. The level of polyubiquitinated proteins in muscle on d 14 of food deprivation rose to over 2 times the value on d 0 (P , 0.05) and decreased significantly at 12 h after refeeding (Fig. 3) , suggesting a possible regulation of the ubiquitin-proteasome-dependent proteolysis by the nutritional state in fish as in other species.
The feeding status has little effect on 20S proteasome activity in trout muscle. Because the chymotrypsin-like and trypsin-like activities are rate limiting in protein breakdown by proteasomes, we measured them in our trout muscle samples. Chymotrypsin-like activity did not change during both the starvation and the refeeding period (Fig. 4) . However, 6 and 12 h after a meal, refed trout exhibited a significantly lower peptidase activity compared with that of fed fish (d 0), possibly due to a short anabolic drive after a long-term food deprivation. The trypsinlike activity did not change irrespective of the nutritional status of animals (data not shown). Taken together, our data suggest that in trout muscle, the feeding status has no major effect on the 2 main peptidase activities of the proteasome.
Discussion
We report here for the first time, to our knowledge, the existence and the nutritional regulation of major steps controlling ubiquitinproteasome-dependent muscle proteolysis in a fish species. Our results showed that 14 d of food deprivation reduced the phosphorylation of PKB and induced increased expression of atrogin1 Ubiquitin-proteasome proteolysis in trout muscle 489 in muscle, whereas refeeding lead to the opposite effects. In mammals and chickens, there is evidence that in situations of skeletal muscle loss, the downregulation of PKB signaling permits the transcription of atrogin1 and murf1 (20, 22, 37, 38) . More precisely, the dephosphorylation of PKB removes its inhibitory effect on Forkehead box-O transcription factor family of transcription factors, with the latter permitting to translocate from the cytosol to the nucleus and to induce the expression of several genes, including atrogin1 and murf1 (38, 39, 40) . Here, we showed similar profiles for the phosphorylation of PKB and the expression of atrogin1, suggesting that the mechanisms involved in the regulation of this pathway are well conserved between lower and higher vertebrates. Atrogin1 is not the only factor regulating the polyubiquitination of proteins directed toward 26S proteasome-mediated degradation. Therefore, we studied the effect of starvation and refeeding on muscle polyubiquitination as well as on the activity of major peptidases (chymotrypsin-like and trypsin-like) of the proteasome. Here, we showed that the level of polyubiquitinated proteins in muscle on d 14 of food deprivation increased to over 2 times the value on d 0 (P , 0.05) and decreased significantly at 12 h after refeeding (Fig. 3 ). Our results demonstrate that the polyubiquitination step exhibits, in rainbow trout, a regulation by the feeding status similar to the one observed in mammals. Moreover, these findings are in good agreement with previous data in mammals showing that 10 h of refeeding is required to decrease the rate of ubiquitination of muscle proteins (41) .
However, the nutritional conditions tested led to little, if any, changes of the activity of the major proteasomal peptidases (chymotrypsin-like and trypsin-like), in agreement with earlier data on rainbow trout under different conditions of muscle atrophy (7, 42) . In contrast, a very recent study has shown a slight but significant increase in 20S proteasome activity in the muscle of rainbow trout food deprived for 3 wk (43). These results suggest that the stress of food deprivation in the present study is not strong enough to affect the degradative capacity of the proteasome and that the basal level of peptide cleavage activity is sufficient to keep up with the amount of substrate being ubiquitinated and introduced into the proteasome. Interestingly, the decline in muscle mass observed in aged rats is similarly accompanied by an increased level of ubiquitin conjugates and atrogin1 expression, whereas the functionality of the proteasome (monitored by the measure of proteasomal peptidases activities) remains constant compared with young rats (44) . These findings support protein polyubiquitination as a limiting step of the ubiquitin-proteasomedependent proteolysis in some conditions affecting muscle mass.
In conclusion, data presented here support the importance of the ubiquitin-proteasome route in rainbow trout and suggest its involvement in controlling protein degradation. From a practical aquaculture point of view, detailed knowledge of protein degradation in fish is of particular importance, because it plays a major role in regulating protein growth (45) . Further studies are warranted to follow this specific pathway as affected by nutritional factors. Other key elements such as the atrophy-related ubiquitin ligase murf1 are also worth investigation.
